The C-H stretch overtone spectra of methane (5-0), ethylene (5-0 and 6--0), ethane (5-0 and 6--0), propyne (4--0 and 5-0 acetylenic and 5-0 methyl C-H stretches), allene (5-0), propane (5-0 and 6--0), cyclopropane (5-0 and 6--0), dimethyl ether (5-0), and isobutane (5-0) have been recorded at temperatures between 143 and 189 K, depending on the molecule. A comparison is made to the spectra obtained at room temperature, with the goal of improved understanding of the band shapes. The temperature dependence of most of the observed bands is found to be significantly less than that expected for "simple" bands. For these small to medium size hydrocarbons, the temperature independence of the overtone bands is found to correlate loosely with the density of states and with the degree of saturation. Other factors are important determinants of spectral widths and temperature independence as well, such as conformational inequivalence of the C-H oscillators, and the number and positions of the oscillators. It is concluded that the vast majority of hydrocarbon C-H stretch high overtone bands have upper states which are extensively mixed with other states. This is the case even for most of the relatively small hydrocarbons. This mixing produces a broadening effect and greatly increases the transition density, thereby diluting the oscillator strength ofthe rovibrational transitions from that of the zero-order approximation. The Fermi resonance type of interaction appears to be of greater importance than the Coriolis type in determining the appearance of the high overtone bands.
INTRODUCTION
The concept of a local mode has grown out of studies of the overtone spectra of C-H oscillators at room temperature. 1, 2 This is based on the simple picture that the high frequency C-H oscillators are largely uncoupled from the other vibrational modes of the molecule. However, closer inspection of the C-H overtone bands reveals less structure, in many cases, than one might expect from an uncoupled oscillator. Moreover, the widths (up to 300 cm -I) are often surprisingly large, especially for the larger molecules, and many of the broad bands can be well described by Lorentzian functions. One important question concerning the nature and dynamics of isolated highly vibrationally excited molecules is how to interpret this behavior: in particular, there is controversy3-9 over the broadening mechanism, namely, how much of this arises from normal rotational and vibrational congestion (hot bands and combination bands arising from excited states) and how much of this arises from coupling to nearby levels which distribute the C-H oscillator strength, often called homogeneous broadening. 10 In keeping with this usage of the term, any contribution to the overtone width that also would be present at absolute zero will be here classified as homogeneous.
In order to distinguish between inhomogeneous and homogeneous broadening, it is necessary to record spectra at low temperature to reduce the number of levels which are thermally populated, and thereby reduce the inhomogeneous contribution to the spectrum. Unfortunately, no general method has been developed to perform overtone spectroscopy on jet-cooled molecules because ofthe weakness of the transitions. Nevertheless, water, hydrogen peroxide, tetramethyldioxetane (TMD), and benzene have been studied by this means. Water was studied by means of bolometric detection, II H 2 0 2 and tetramethyldioxetane (TMD~ byobserving the products of a unimolecular decomposition, [12] [13] [14] and benzene by laser labeling spectroscopy. IS Another system, methane and trideuteromethane, has been studied at 77 K using bulk cooling and photoacoustic detection. 16 This method is limited to those few molecules with sufficient vapor pressure at low temperatures. The method used in this study is similar but uses higher temperature baths for all molecules, except CH 4 .
Most of our knowledge concerning the relaxation of C-H overtones has been deduced from room temperature spectra and theoretical modeling. Quack and co-workers have studied molecules containing a lone C-H oscillator. 17 -21 The strong coupling between the C-H stretch and the C-H bend results in a Fermi resonance polyad structure. For the larger molecules the bands are often broadened. The overtone linewidths of molecules containing multiple C-H oscillators are generally even greater. The theoretical work of Sibert, Reinhardt, Hynes, and co_workers 3 ,22-24 on molecules containing more than one C-H oscillator suggests that a Fermi resonance polyad structure is responsible for much of the width in the higher overtones of benzene as well as other such molecules. The recent experiments on benzene by Page, Shen, and Lee IS have shown a dramatic temperature dependence of the 3-0 C-H stretch overtone band and indi-. cate that the upper state is already well approximated as a local mode. Unfortunately, they were not able to observe any higher overtones and therefore could not address the validity of the broad Fermi resonance polyad structure theory.3 As we have already mentioned, hydrogen peroxide, 12,13 water, II methane,16 and TMDI4 have been studied at low temperatures. Hydrogen peroxide, water, and methane, all small molecules, show dramatic changes on cooling, an indication that the width is at least primarily caused by inhomogeneous broadening.
In contrast, TMD, (CH3)2COCO(CH3)2' a far larger molecule, shows more subtle changes on cooling, which indicates that the dominant contribution to the width of the overtone features is homogeneous, although there is some inhomogeneous contribution.
Ammonia has been studied 2s at dry ice temperature using microwave-optical double resonance (MODR). The spectrum was found to consist of hybrid bands with significant Coriolis interactions present as well as frequent, patternless interactions with background dark vibrational states. In this molecule the optically bright states of the 5-0 and 6--0 N-H stretch overtones are mixed with virtually all background states that lie within a few wave numbers in zero-order approximation.
McDonald's group has studied 2 6-28 the fluorescence emitted from a wide range of jet-cooled molecules on a microsecond time scale after pulsed excitation of the stretching fundamental. For most of the large molecules very little of the fluorescence yield comes from the initially excited state, presumably because of extensive coupling to background states and intramolecular vibrational relaxation (IVR). Their experiments show a remarkable correlation between the symmetry-adjusted rovibronic density of states and the "dilution factor," a quantity which is roughly the ratio between the resonance fluorescence obtained and the resonance fluorescence expected in the absence of any state mixing. The results of Nesbitt and Leone 29 on the infrared fluorescence of low overtones of hydrocarbons, also show a low resonance fluorescence rate for the larger molecules.
We present here the C-H overtone spectra of methane (5-0), ethylene (5-0 and 6--0), ethane (5-0 and 6--0), propyne (4-0 and 5-0 acetylenic C-H and 5-0 methyl C-H stretches), allene (5-0), propane (5-0 and 6--0), cyclopropane (5-0 and 6--0), dimethyl ether (5-0), and isobutane (5-0) taken at temperatures between 77 and 189 K, depending on the molecule. A comparison is made to spectra obtained at room temperature, 298 K. These molecules are intended to constitute a survey of small through medium size hydrocarbons.
EXPERIMENTAL METHOD
The spectra were recorded using laser photoacoustic spectroscopy. As already mentioned, the method is similar to that of Scherer et al. 16 and is limited to gases which have a high vapor pressure at low temperature. The Stanford experimental apparatus has been described previously.30 The low temperature photoacoustic cell is shown in Fig. 1 . It was constructed entirely from glass and designed to be of small volume to maximize the signal to noise ratio. The vacuum jacket was evacuated and sealed off at the end of the construction phase. An attempt was made, without success, to observe the spectra of medium size molecules at liquid nitrogen temperature using the technique of Messer and De Lucia. 31 A second attempt will be made using a photoacoustic cell of modified design. A variety of standard cold baths was employed: liquid nitrogen (77 K), n-pentane (143 K), t-butyl methyl ether (165 K), acetone (178 K), and ethyl acetate (189 K). Approximately 10 Torr of each sample gas was used. In order to maintain a high signal to noise ratio the gases were buffered in about 500 Torr of helium. The spectral resolution of the lasers is approximately I cm -I.
The spectra were digitized together with optogalvanic lines from a neon lamp for absolute frequency calibration and etalon fringes of 3.25 cm -1 free spectral range for relative calibration. The intracavity power level was also monitored and digitized for ratioing of the spectrum. The microphone signal (BL-1785 16 from Knowles Electronics) and power reference signals were recorded at a time constant of 0.3 seconds and the scan rate was typically 25 cm-I/min. The scanning between fringes is linear to within about 20%.
The cold baths were made in situ by simply adding the appropriate solvent to the cell jacket and more slowly adding liquid nitrogen. The bath was stirred by means of a magnetic stirring bar inside the jacket and an outside stirrer. The temperature of the gas inside the center tube was monitored with a thermocouple during the scans to ensure that it remained reasonably constant. The contribution to the microphone signal by warmer gas near the windows is expected to be minor. The stability of the baths varied; ethyl acetate produced a constant temperature for more than 30 min while npentane lasted less than 15 min.
The base lines of the spectra sometimes varied for the 298 K and low temperature scans as well as scan-to-scan. In each case, a number of scans was taken until some degree of confidence could be established in the reliability of the data. Still, it is possible that not all of the spectra are completely reliable, since some systematic errors may exist. The spectra are ratioed to the intracavity power as measured by an intracavity Brewster window reflection. As Smith et al. 32 have pointed out, this reflection is caused by nonidealities and does not necessarily give the proper base line. Furthermore, there are fringes associated with this reflection with an amplitude of about 15% ofthe reflected power and a free spectral range of about 10 cm. We observed similar fringes on the beam transmitted through the cavity high reflector, but of 3 or 4 times lower amplitude. Because of these fringes, we smoothed the power spectrum (recorded at a 0.3 s time constant) before ratioing. As a result, any sharp structure in the final spectra looks virtually identical to that observed by the BL-1785 microphone, but the spectrum has been corrected for the gently sloping gain curve of the dye laser. Since the scans are usually less than 500 cm -I we have not considered the influence of window nonidealities on the base line. In spectra which we have taken and ratioed to the extracavity transmitted power, the results have been virtually identical, except that the base line (in the absence of correction for the high reflector transmittance curve) becomes very obviously sloped. A correction for the high reflector transmittance curve obviously would introduce some error in itself.
RESULTS AND DISCUSSION
Most of the spectra are displayed with room temperature and low temperature scans overlaid. To accomplish this, the scans at the two temperatures are normalized to have the same minimum and maximum points. For all molecules the density of vibrational states, at the energy at which the spectra were recorded, is indicated. The state densities were calculated using the Whitten-Rabinovitch method 33 assuming a harmonic approximation for each vibration, including torsions. No consideration was given to symmetry, in particular, to nuclear spin statistics and to the point group of the molecule.
We have assumed in the discussion to follow that for simple bands of the molecules studied we can expect the fullwidth half-maximum (FWHM) and the difference between maxima of P and R branch contours to show a TII2 dependence on absolute temperature, provided that the hot band contributions are small. It is not difficult to show, by means of simple calculations, that this is a reasonable approximation under the experimental conditions and given the experimental accuracy. The intensities of the hot bands depend exponentially on the temperature. In cases where the hot bands contribute significant intensity, such as propyne, allene, and ethane, the temperature dependence of the overall bandwidth may deviate considerably from a TI12 relation.
Methane
Methane and its isotopomers have been the subject of numerous overtone studies (see Refs. 16 and 34-41, and citations contained therein). The 4-0 and 5-0 C-H stretch overtones were observed for the first time in the 1930's.34 The only band involving more than two quanta of stretch to be given a rotational assignment is the 3V3 band. 40 .4 1 All of the others have a high density of transitions and complicated structure. In spite of the fact that the linewidths appear to be Doppler limited l6 (as long as the pressure is not too high), there are many overlapping transitions at room temperature, for example, in the 6-0 band. Since methane has a 10 Torr vapor pressure at liquid nitrogen temperature, it is not difficult to obtain the spectrum at this temperature. As we have already mentioned, Scherer, Lehmann, and Klemperer l6 have recently recorded the fifth C-H stretch overtone of methane at high resolution using the photoacoustic technique. Their spectrum shows a dramatic reduction in congestion at this temperature, but is still very dense. A rotational assignment has not yet appeared. We have used the same method to record the spectrum of the fourth (5-0) overtone at a resolution of about 1 cm -I. This overtone has been assigned an upper state of4v I + V3 (F 2 symmetry). The state 5v I (AI) is predicted to be nearly degenerate 36 . 37 with 4vI + V 3 , but because of its symmetry the transition 5v l -0 is electric dipole forbidden. Therefore, to a first approximation this transition will have no intensity. These two states comprise the four local mode levels having five quanta in one C-H oscillator and zero quanta in the others.39,42 In the absence of mixing with nearby states, one would expect a simple band structure somewhat similar in appearance to the V3 fundamental. 42.43 This is not the case as one immediately sees from the observed room temperature spectrum shown in Fig. 2 (a) . Such a phenomenon is, of course, typical of overtone spectra in general-the bands are usually much more complex than expected in the absence of any resonant interaction between energy levels.
The spectrum of the 4vI + V3 band at liquid nitrogen temperature is shown in Fig. 2(b) . By smoothing the band shape we can obtain very approximate full-width half-maximum (FWHM) values of 180 ± 15 cm-I at room temperature and 130 ± 15 cm -I at 77 K. In the absence of any level mixing we would expect the FWHM to be approximately proportional to TI12, where T is the absolute temperature (K). Since the reduction is only a factor of 1.4 rather than 2, there must be some interaction involved which broadens the overall band.
A close look at the low temperature spectrum in Fig.  2 (b) reveals several series oflines which seem to be associated with the most prominent lines (Q branches). We have tentatively identified four different bands in the region 13 750-13 790 cm-I ; the frequencies of their Q branch maxima are 13 753, 13 755, 13 782, and 13 788 cm -I. Additional weaker bands are present also--there is another Q branch at :::: 13 880 cm -I, for example. A more detailed analysis of these bands, together with tentative rotational assignments for some of them, has been made. 43 Admittedly, some of the assignments mentioned are quite tenuous. The presence of numerous contributing vibrational bands, however, is not in doubt. There are eight or so distinct features which we suspect may be the Q branches of eight different bands. The overall shape ofthe 4vI + V3 band suggests that there are many more "subbands" than this contributing to its appearance. The sharp structure is superimposed on a gently sloping continuum which is of similar appearance at room and liquid nitrogen temperatures. The explanation of this presumably is that a significant fraction of the background vibrational states borrow intensity from the 4vI + V3
state by a resonant mixing process. The features assignable to the zero-order state contribute about 10% of the total integrated band intensity; thus the original state's oscillator strength seems to be reduced by an order of magnitude. Given the density of vibrational states at this energy (4/ cm -1 ), we would suggest that at least 10% of all levels contribute significantly to the band in order for it to appear as shown. The wings of the band are extensive, not unlike those expected for a Lorentzian line shape. With similar coupling strengths and a higher density of levels, it is not difficult to imagine the band profile approaching that of a true Lorentzian line shape. This is the case for the band profiles of many large molecules; the most celebrated example is that of benzene. One further observation deserves to be noted here; in spite of the well-documented importance of C-H stretch-bend Fermi resonance in overtone spectra of molecules containing a single C-H oscillator,17-21 the states (3v 1 + V3 + 2V4 and 4vI + 2v 4 ) containing two quanta of the V 4 bending mode do not occupy a prominent place in the spectrum here. They evidently appear with little intensity more than l(lOcm-1 to the blue of the 4vI + V3 band center. 
The 5-0 and 6-0 C-H stretch overtone bands of ethylene are shown in Figs. 3(a) and 3(b), with scans at 298 and 143 K overlaid. The 5-0 band is certainly more sharply structured, although both bands contract by ::::: 10% upon cooling. The T12 rule would have predicted a 31 % reduction. The 6-0 band is broader, however, with a room temperature width of 136 ± 5 cm -1 as compared to 102 ± 4 cm -I. The hot band contribution to the intensity should be only::::: 5%; therefore, most of the 10% contraction is probably caused by the rotational state distribution of the ground state. It is obvious, at any rate, that the FWHM of even the 5-0 band is considerably greater than could be expected for any simple band type. Homogeneous broadening or gray state congestion is evidently an important determinant of the appearance of the 5-0 and 6-0 bands. The fact that a temperature dependence is easily observed, together with the obvious structure of the bands, indicates that the number of vibrational components with strong intensity is limited.
Jasinski has studied the fifth overtone of ethene and deuterated ethenes. 44 The FWHM tends to decrease as the number of deuterium atoms in the molecule is increased. C2D3H has a FWHM of 92 cm -J. The widths for the three isotopes with the chemical formula C 2 D 2 H 2 are significantly larger when the hydrogens are on different carbon atoms. This suggests the existence of an interaction between these C-H oscillators which produces a splitting of some 20 cm -J. Initial observations of the fourth overtones of these same isotopic species cast doubt upon this interpretation, however, since transethylene-l,2-d 2 was found to have a low FWHM and a large temperature dependence. 43 In contrast, the corresponding band ofethylene-l,l-d 2 is surprisingly broad. Jasinski 44 also observes a shift to the blue of 50 cm -I for a C-H oscillator having a deuterium bonded to the same carbon atom. The blue shift is explained as the result of an interaction between the C-H and C-D oscillators with a common carbon atom. The interaction is between the states 16,0) and 15,1), where lx, y) denotes x stretching quanta in the C-H oscillator and y stretching quanta in the C-D oscillator. All of this suggests that coupling between equivalent C-H oscillators is important in determining the position and width of the features in the ethene spectrum. Quantitative prediction of the FWHM for the various isotopes in each overtone level, however, requires a more detailed understanding of each molecule.
The 5--0 and 6--0 stretching overtones of ethane are shown in Figs. 4(a) and 4(b). The FWHM values for these bands at the two temperatures are listed in Table I . These widths are much larger than those expected for simple bands. Both bands are approaching a Lorentzian profile, with no apparent structure. There is a slight asymmetry in the band shapes, however, in that the blue shoulders extend further than their red counterparts. Both bands contract by ::::: 10% upon cooling to 143 K. Nearly all of the contraction in width in each case results from reduction of the red shoulder. It is very possible, if not likely, that much of this arises from decreased torsional and other hot band intensities. Their combined intensities should be ::::: 40% that of the "fundamental. " It seems likely that the gray state congestion in these bands is quite extensive. As in the case of ethene and many other molecules, however, it is quite possible that the large FWHM of these bands owes significantly to an interaction between C-H oscillators on adjacent carbon atoms. Observation of the spectra of CH 3 CD 3 should clear up this point.
Methyl acetylene (propyne-C 3 H 4 )
The spectra of the nV I bands (n = 1-7) ofpropynehave been recorded by Berry and co-workers 45 with resolution limited by· the combined effects of Doppler and pressure broadening. These bands, with the exception of 4vI and 5v l , show resolved rotational structure. This is highly unusual for a molecule with such a high vibrational density of states of7X 10 3 and6X 105/cm-1 atn = 4 and 7, respectively. The experiments of have also shown that propyne is an unusual molecule. They have suggested that both anharmonic and rotational coupling matrix elements are smaller for terminal ==C--H stretches of acetylene derivatives than for other C-H stretches at a given state density, at least for fundamentals. This seems reasonable in view of the relatively isolated nature of the ==C--H bond in the substituted acetylenes. In addition, the stretching and bending frequencies of C-H oscillators in most molecules occur . . with approximately a 2: 1 ratio. The Fermi resonance interaction between Ivs = n, Vb = 0) and Ivs = n -1, Vb = 2) is thought to be of nearly universal importance in the overtone spectra of many hydrocarbons. In contrast, the ratio of the stretch (VI) and bend (v 9 ) frequencies of the ==C-H bond in propyne is about 5:1.
46
We have recorded the 4v I and 5v I bands as well as the 5-o stretching overtone of the methyl group. They were obtained at the usual pressure of 10 Torr hydrocarbon and 500 Torr He buffer at 298 and 189 K. The 4v J spectrum is displayed in Fig. 5(a) . From the molecular symmetry, the 4v J band type must be parallel. The rotational constants are A = 5.29 cm -I and B = C = 0.285 cm -I in the ground state. 47 We therefore expect to see (at our resolution of ::::: I cm -I) a rather sharp Qbranch and a separation between the maxima of the P and R branch contours of ::::: 22 cm -I at room temperature. The FWHM, of course, will be somewhat larger. In addition, we expect to see a hot band 4vI + Vto+-V to with an intensity about 40% that of the 4vI +-0 transition. Because of the difference in origins of the 4vI and hot bands, some apparent broadening may result. Because the hot band intensity will show an exponential dependence with temperature, hot bands lead to a deviation from the TII2 rule. The highest frequency band in Fig. 5 (a) , with a Q branch maximum (Qmax) at 12 764.3 cm -1,45 is very close in appearance to the above description. In the high resolution spectrum of Berry (see Fig. 11 band is rotationally resolved, with none of the K structure visible in the P and R branches. Hereafter we will refer to this band as HF RR , for "high frequency rotationally resolved." In our low temperature scan of this band, the hot band intensity is reduced relative to the "fundamental" and the band contracts noticeably. Also, the separation between Pbranch and R branch maxima is reduced by 20 ± 5%. The expected reduction according to T1I2 is 20% if one neglects the hot band contribution to the spectrum. The intense band with Qrnax at ::::: 12 713 cm -I (band S) is not rotationally resolved and has a quite different appearance. Compared to the P and R branch contours, the central Qbranch is relatively much less intense. Whereas the separation between fundamental and first hot band Q branches in the previous case was 10 cm -I, here it is only 6 cm -I. Two explanations immediately come to mind for the fact that band S is not rotationally resolved in Berry's spectrum: (1) this band has larger absolute values of (A '-A") -(B '-B") , thereby more strongly splitting out the K structure, and (2) for whatever reason band S has its line density increased by gray state congestion. Other explanations are possible too. It appears from an inspection of bands HFRR and S that HFRR has a value of B '-B " which is a negative number of larger absolute magnitude than that of band S. If so, this lends support to the idea that the K structure may be more strongly split in band S than in band HF RR . In the absence of extensive vibrational level mixing, however, the temperature dependent shape of band S will vary in a similar fashion to band HF RR. Figure 5 (a) shows that the red shoulder of band S is reduced dramatically at low temperature (as we would expect since the hot bands contribute the most on this side) but the blue shoulder shows little change at the two temperatures. The contraction visible on the lower edge of the blue shoulder can be attributed at least in part to the reduction in the red shoulder of the overlapping band HF RR . We believe that this indicates the appearance of transitions in band S which result from a mixing of states. This is supported by the relative weakness of the fundamental and hot band Q branches in band S as compared to band HF RR. Normalized to their respective integrated band intensities, the Q branches in S are about six times weaker than the corresponding ones in HF RR. This can be explained, as in the case of the methane 5--0 band, by gray state congestion. The oscillator strength of the zero-order state is reduced by mixing with some of the bath states. Because the coupling matrix elements are small, the band is not broadened appreciably, but the prominence of any band features that would be present in the absence of mixing is greatly reduced. Berry"S has assigned band HFRR to 4vI and band S to the combination band 3v I + V3 + vs, where V3 and Vs are the C=C and C-C stretching modes, respectively.46 This is incorrect; we assign them the opposite way, i.e., band HFRR is 3v I + V3 + Vs andbandS (Qmax at 12 713 cm-I ) is4v l • Our assignment is supported by the spectrum of methyl-d 3 -acetylene, which we shall discuss in detail elsewhere. 48 It is also expected from the fact that, in the absence of strong, multilevel mixing, the integrated intensity of the pure overtone is always at least as great as any interacting combination band. The intensities of the combination bands are assumed to derive, as a first order of approximation, from mixing with the pure overtone state. Our assignment is surprising, since it implies that it is the combination band which has an upper state that is not so well mixed as that of the pure C-H stretch overtone (pure only in zero-order approximation). It would seem natural to suppose that the 3v I + V3 + Vs state would be more strongly coupled to other modes of the molecule than would the 4vI state. An analysis similar to that of Hut- The Fermi resonance between 4vI and 3v I + V3 + Vs results in a significant shift from the zero-order frequencies. A Birge-Sponer plot (Fig. 6 ) places the unperturbed 4v\ position at ::::: 12 736 cm -I. The perturbed energies are given by42
where the subscripts are defined as 1 = IVI = 3, V3 = Vs = 1) and 2= IVI = 4), W 12 is the off-diagonal energy matrix element, 15 is the zero-order separation between the states, and EI2 is the average of the zero-order energies. We have neglected to consider any matrix elements involving band W. The fourth overtone of the propyne methyl group C-H stretch is shown in Fig. 5 (b) , also with room temperature and 189 K scans overlaid. This band is more complex that 4v I' In the local mode limit there are now three independent oscillators. The linear basis functions for each oscillator can be combined to form A I and E symmetry states, consistent with the C 3v point group of the molecule. By analogy with other molecules, the degeneracy of the A I and E local mode states will remain a near degeneracy after interactions have been considered. Bands involving the A I state will be of parallel type only, whereas E states will be associated with perpendicular type bands. Thus we expect the band in Fig. 5 (b) to involve both types. Since the bond dipole approximation gives the ratio of A I to E intensity as cos 2 e:sin 2 61, where 61 is the angle between the symmetry axis and a C-H bond, the perpendicular component is probably larger. This conclusion is consistent with the appearance of the band. Assignments for the sharp structural features of the band are shown in this figure. The value of A I (1 -;) -B I is found to be ::::: 5.0 cm -I from the nearly constant spacing of the Qbranch subbands, suggesting a small value for the Coriolis coefficient;. The contraction of the band at the lower temperature is considerable, and not inconsistent with the TII2 rule. It is especially large on the low frequency side. This may not be entirely real, however, as a series of "identical" scans produced differing magnitudes of contraction on the red shoulder. Nevertheless, the temperature dependence is certainly larger than that for the methyl groups of alkanes. It is interesting to note that the greater temperature dependence and absence of a large broadening as compared with a fundamental band of perpendicular type, is occurring for a methyl group without C-H oscillators on an adjacent carbon atom. There remains a definite possibility that the structured band in Fig. 5 (b) is simple and can be rotationally resolved, just as some of the nv\ bands.
The two lower frequency bands seen in Fig. 5 (b) are more mysterious. They are nearly structureless and appear to be broader (suggesting highly mixed upper states). We tentatively assign these to Ivs = 4, V4 = Vg = 1) and Ivs = 4, v 4 = V7 = 1>, where the latter applies to the higher frequency band. The structured, most intense band in Fig. 5 (b) is, of course, assigned to lv, = 5). Here Vs is the C-H methyl stretch.
Allene (C 3 H 4 )
The fourth C-H stetching overtone (Fig. 7) of allene resembles the corresponding methyl group overtone in propyne. The FWHM values are virtually identical and allene also suggests a predominantly perpendicular band type with a similar spacing between Q branch components. However, the Q branch features are less distinct in the allene spectrum.
The red shoulder contracts considerably when the temperature is lowered to 189 K, but the blue shoulder is fairly independent of this. At least part of the contraction in the blue shoulder can be attributed to a reduction in the red shoulder of the weak, overlapping band which appears at ::::: 14 025 cm -I. It seems, then, that the allene overtone band contains a greater temperature independent component than does that of propyne. Evidently the upper states of allene are more highly mixed than that of propyne. The identity of the weak 14 025 cm -I peak is very uncertain. There is a possibility that it represents a combination band whose upper state involves one quantum each in V 2 and V 7 and four quanta in one C-H oscillator.
Propane (C3Ha)
The 5-0 and 6-0 bands of propane are displayed in Figs. 8(a) and 8(b), respectively. There was a tendency for the propane spectra to be noisy, with more pronounced etalon effects. It was not clear whether this was due to chance or some characteristic of the molecule. The 5-0 band has two very broad humps which correspond roughly to the methyl group C-H stretch for the larger peak and the methylene group C-H stretch for the smaller. Such an assignment agrees with the rule that the integrated intensity of simple bands is proportional to the number of equivalent C-H oscillators.
5o It also agrees with an estimate of the relative positions of methyl and methylene C-H oscillators based on the fundamental. Because of the hindered rotation of the methyl groups, there exist conformations in which the methyl C-H oscillators are no longer all equivalent. The equilibrium structure conformation of propane, which predominates at room temperature, has a plane of symmetry containing the carbon atoms and one hydrogen from each methyl group. 51 The more intense peak in Fig. 8 (a) is obviously asymmetric and is probably composed of two peaks corresponding to conformationally inequivalent methyl C-H oscillators. The FWHM expected for a simple band of propane would be less than 50 cm -I. The width which is observed for the more intense peak in the figure is ::::: 200 cm -\ . There may be some very subtle changes in the spectrum upon cooling to 189 K, but if they exist they are comparable to the experimental error.
In Fig. 8(b) , one can see that the most intense peak of 6-0 is composed primarily of two components separated by 
(a) Propane 13 HIO 13330 13.70 about 75 cm -I, each having approximately Lorentzian profiles with widths of about 100 cm -I. The same is probably true for the 5-0 band as well, except that the two components are not split so widely. These components presumably result from the conformational inequivalence, S 1 with a splitting proportional to the number of stretching quanta in the upper state. The change in relative intensities of the two components upon cooling is very small and would indicate that these transitions originate from the same lower state levels. The low temperature spectrum shows a stronger dip between these two intense peaks and a slightly wider separation of the maxima. This can probably be ascribed to a slight reduction of the FWHM of each component, which will appear most clearly in the dip between the peaks. The fact that the positions appear to be more widely split upon cooling to 189 K is consistent with the fit by Wong SI of each peak to a Lorentzian function to obtain a separation between the two components of 99 cm -I .
Cyclopropane (CaH.)
The 5-0 C-H stretch overtone spectrum of cyclopropane (Fig. 9) , while not nearly so well defined in appearance as the fundamentals, does have recognizable structure. The main Q branch peaks at ~ 14 059 cm -1 and the R branch at ~14085 cm-
I
• The shoulder to the red is reduced significantly by cooling to 178 K. This is somewhat surprising since hot bands should only constitute some 10% of the band intensity at room temperature. The shoulder containing the R branch contour is affected only slightly, if at all, by the temperature. If the data are correct, this band is extensively mixed, i.e., it shows significant homogeneous broadening in the sense that a significant part of the bandwidth would remain at absolute zero. Because of the nonconvergence of room and low temperature scans at the edges, the data should be treated with caution. Cyclopropane is probably an intermediate case, showing only small temperature effects. The band is slightly broader than perpendicular fundamental bands. Since the bond dipole approximation does predict a hybrid band, the homogeneous contribution is still rather small compared to the overall width. The homogeneous contribution to the width seems to be significantly higher in the 6-0 band of cyclopropane than the 5-0. The room temperature spectrum of 6-O s I is much less structured and considerably broader, with a FWHM of95 ± 5 cm-I . We obtained the spectrum at 178 K and observed no reduction in width. Because of a low signal to noise ratio, however, we can only say that the width could not have decreased by more than 5%.
Dimethyl ether (C 2 H.O)
Like propane, dimethyl ether exists in conformations with inequivalent methyl C-H bonds. The spectra of the 4-0, 5-0, and 6-0 overtones have been studied by Fang, Meister, and Swofford s2 in connection with this. We have studied only the 5-0 stretching overtone peak at 13 660 cm -I which is shown in Fig. 10 . This peak, which was assigned by Fang et al. to the in-plane C-H oscillator, has a FWHM of ~ 170 cm -I. Obviously, this is far greater than one expects for a single vibrational band. It is slightly asymmetric, having a longer tail on the low frequency side. There may be a slight reduction in the relative intensity of this tail at low temperature; however, the rest of the band shows no temperature dependence to within experimental error. Because a large etaloning effect was present in the spectrum, it has been smoothed slightly. The etalon effect was reduced by this but can still be seen in Fig. 10 . These "wiggles" are not real.
This is the largest (heaviest) hydrocarbon which we have studied. Again, confonnational inequivalence of C-H bonds can exist. The 5-{) stretching overtone is shown in Fig.  11 . Presumably, the two more intense peaks are due to methyl C-H oscillators while the weak feature at 13 240 cm -1 may be due to the remaining C-H oscillator (it could also be buried under the two intense peaks). As in the case of dimethyl ether, the spectrum was noisy and has been smoothed slightly. The residual wiggles are not real features of the isobutane spectrum. The FWHM of the strongest band in Fig. 11 is found to be 107 ± 6 cm -1 at room temperature. The profiles can be fit rather well using Lorentzian line shapes. There appears to be a reduction of :::::4% in the FWHM of the 13 460 cm -1 peak at 189 K, and a slight reduction in the blue shoulder. These conclusions are not entirely certain. However, it is quite possible thilt the methyl groups in isobutane are more isolated than those in propane as far as intennode coupling to the other C-H oscillators is concerned. It is known s, that the 5-{) 2,2-dimethyl propane band has a FWHM of 64 cm -I. Here the methyl groups do not have a C-H oscillator on an adjacent carbon atom to couple to.
CONCLUDING REMARKS
In this study we have achieved only moderate temperature changes and the experimental accuracy is not sufficiently high to detect changes in bandwidth smaller than a few percent. Nevertheless, it is clear from the results (summarized in Table I ) and discussion that the vast majority ofhydrocarbon 5-{) and 6--0 C-H stretching overtone bands have upper states which are highly mixed with other states. Such a conclusion is consistent with other work which we have mentioned. The distribution of oscillator strength to the other states leads to a complicated band structure which normally decreases the temperature dependence of the band from the expected 1"12 dependence of a simple band. The temperature dependent interactions produce what can be called "homogeneous" structure or gray state congestion. Presumably, a band which shows no temperature dependence must have a very extensively mixed upper state indeed.
The temperature independence of the overtone bands of molecules investigated here correlates roughly with the density of states and with the degree of saturation. Other factors are important detenninants of spectral widths and temperature independence as well, such as confonnational inequivalence of the C-H oscillators and the number and positions of the oscillators. Hot bands can contribute significantly also, as the spectrum of propyne has demonstrated. Still, they are clearly not so important in the larger molecules as the state mixing. Rigid ring structures tend to be associated with overtone spectra having relative narrow spectral features as compared to alkanes with the same number of carbon atoms. The greater FWHM for alkanes can probably be attributed, in part, to splittings caused by confonnational inequivalence and interactions between C-H oscillators on adjacent carbon atoms. The latter interaction applies also to a rigid ring; however, the number of C-H oscillators per carbon atom is higher for the alkanes and may lead to greater congestion. The orientations of the various bonds with respect to each other in the two types of molecules may be highly influential as far as intennode coupling is concerned. According to Hutchinson, Hynes, and Reinhardt,22 the magnitude of intennode interactions which can lead to IVR are very much dependent on geometry. In the alkanes, they propose that a 2: 1 nonlinear Fenni resonance between the C-H stretch and a local HCC bending mode is largely responsible for the energy flow. In the substituted acetylenes 1:1 CH stretch: CC stretch resonances are thought to be of primary importance. 22 It is interesting to note that the Hutchinson, Hynes, and Reinhardt model for alkanes does not predict relaxation in ethane, in spite of the experimental observation of broad ethane overtone bands. They suggest that, in ethane, CH stretching and rocking motions on the secondary carbon may be significant to the relaxation. If the observed ethane bands are indeed broadened because of such an intermode mixing process which leads to IVR, the bands of CH 3 CD 3 and C2DSH should be relatively narrow. Of course, a broadened overtone band does not in itself indicate that an IVR process is taking place (for example, the broadening caused by conformational inequivalence has nothing to do with IVR) and one cannot infer an IVR lifetime without further information. Nevertheless, we do believe that a significant portion of the broad width of the overtone bands for many molecules is associated with interactions that lead to IVR.
As a general rule, any band which is much broader than its expected rotational width and shows relatively little structure can be expected to have a large temperature independent component. The greater the bandwidth of these molecules, the smaller the percentage reduction in FWHM is likely to be upon cooling. There is no doubt that the details of the individual molecules determine the bandwidths. This includes the set of vibrational frequencies for the molecule and its molecular structure and symmetry. These factors influence the extent of state mixing, since they determine the positions of the energy levels and the magnitudes of the coupling matrix elements between them. It is possible to have a fairly high density of states with relatively little state mixing, as the spectrum of methyl acetylene proves. When a molecule is partially deuterated, the structure of the C-H overtone bands appears to simplify, yet the density of states has been increased. We intend to explore the temperature dependence of the overtone bands of partially deuterated hydrocarbons in the future.
We have not discussed so far the importance of Corio lis coupling in these congested overtone bands. There is no reason to doubt that these couplings are important and must be considered in any detailed analysis. However, since Coriolis coupling strength increases with J, the temperature dependence of a band is unlikely to be diminished by these interactions (in fact, it could be increased). Because of this, we believe that the Fermi resonance type of interaction is, at least in the majority of cases, more important in determining the appearance of overtone bands.
The work of Quack and co-workers 17-21 has led to significant understanding of the overtone spectra of molecules containing single C-H oscillators. When there are multiple C-H oscillators, the C-H bending mode is usually much less prominent in the spectrum. The reason for this may be that the excited state levels are more extensively mixed with background states, with the result that no single eigenstate has a large interaction with the bending state (which itself may be extensively mixed with background levels). The result seems to be a smearing out of the band structure. The fact that this smearing effect consistently applies when there are multiple C-H oscillators is badly in need of a quantitative theoretical explanation. In addition, there is a need for high quality theoretical treatments to elucidate the other observations which have been made here and elsewhere. In particular, if the detailed experimental results for propyne and methane could be reproduced theoretically, this would represent a major step forward in our understanding of overtone spectra.
On the basis of this study, it is easy to predict that the high C-H stretch overtone bands (v> 5) of larger hydrocarbons like benzene will show a temperature dependence which is far less than that expected for simple bands. While a jet-cooled spectrum of such an overtone band may show some vibrational structure and some reduction in the FWHM, it seems unlikely that the overall appearance would be strikingly different.
